Introduction
Heparin-binding epidermal growth factor-like growth factor (HB-EGF) is a member of the EGF family of ligands that binds to and activates epidermal growth factor receptors 1 and 4 (EGFR/ErbB1/HER1 and EGFR4/ErbB4/HER4) [1, 2] . The EGFR family of transmembrane receptor tyrosine kinases (RTKs) forms homodimers or heterodimers upon ligand binding. Activation of these receptors initiates downstream signaling pathways, such as the mitogen-activated protein kinase (MAPK), the phosphoinositol 3 kinase (PI3K), and the signal transducers and activators of transcription (STAT) pathways, which are involved in the regulation of multiple cell functions, including growth, survival, and differentiation [3] . Dysregulation of these pathways by receptor overexpression or amplification of cognate ligands is observed in a variety of tumors, drives tumor processes such as metastatic dissemination and angiogenesis, and is associated with poor prognosis [4, 5] . RTK pathways are targeted by two major classes of therapeutics. First, tyrosine kinase inhibitors -such as gefitinib and erlotinib, which are small molecules that target the intracellular domains of RTKs -prevent activation of downstream signaling pathways in response to ligand binding [6, 7] . Second, monoclonal antibodies -such as cetuximab and panitumumab, which target the extracellular domains of RTKs -prevent ligand binding and subsequent dimerization required for receptor activation [8, 9] . HB-EGF expression is elevated in ovarian [10] , gastric [11] , and breast cancers [12] , as well as in gliomas [13] and melanomas [14] , and may contribute to tumor resistance to EGFR antagonist therapy [15] .
U3-1565 is a fully human immunoglobulin subclass 2 (IgG2) monoclonal antibody directed against HB-EGF developed by Daiichi Sankyo, Co., Ltd. (Japan). Antigen specificity testing has demonstrated that U3-1565 specifically binds to HB-EGF, but does not recognize EGF-like ligands with sequence homology to HB-EGF, including amphiregulin, transforming growth factor-alpha, and neuregulins. In vitro studies have demonstrated that U3-1565 inhibits EGFR-and HER4-initiated signal transduction pathways, as well as tumor cell growth, tumor cell migration, and new vessel formation (angiogenesis) [16] , thus supporting clinical evaluation.
The present first-in-human study was conducted to characterize the safety, tolerability, maximum tolerated dose (MTD) or maximum administered dose (MAD), efficacy, pharmacokinetics (PK), and pharmacodynamics (PD) of U3-1565 in subjects with advanced solid tumors. In particular, this study sought to evaluate the effect of U3-1565 on circulating levels of vascular endothelial growth factor-A (VEGF-A). As HB-EGF is known to promote the production of VEGF-A [17] and subsequent tumor angiogenesis [18] , it was hypothesized that lower VEGF-A levels would be observed following treatment with U3-1565.
Methods

Subjects
This study was conducted in compliance with the Declaration of Helsinki and the International Conference on Harmonization, and was approved by the institutional review board at each of the participating investigational sites. All subjects provided written informed consent prior to screening. The first subject was enrolled on January 11th 2011, and the last subject completed the main phase of the study (first 12 cycles of treatment, leading to the primary analysis) on January 7th, 2013. All subjects still on study at the end of the main phase were eligible to continue receiving U3-1565 in the extension phase.
Enrolled subjects met the following key eligibility criteria: Men and women aged ≥18 years old with a pathologically documented advanced solid malignant tumor refractory to standard treatment or for which no standard treatment was available; Eastern Cooperative Oncology Group (ECOG) performance status ≤1; the presence of an evaluable tumor for enrollment in all parts of the study and, only for Part 2, measurable tumor per RECIST Version 1.1 [19] . However, subjects with advanced ovarian cancer could be enrolled in Part 2 even if they did not have a tumor measurable per RECIST, as long as they had circulating levels of cancer antigen 125 (CA125) higher than 35 Units/mL.
Subjects were excluded from the study if they had: clinically active brain metastases, defined as symptomatic or requiring treatment with steroids or anticonvulsants; history of reactions to antibody drug products; history of stem cell or bone marrow transplantation; history of myocardial infarction within 6 months before enrollment, symptomatic congestive heart failure (New York Heart Association > Class II), unstable angina or unstable cardiac arrhythmia requiring medication; history of clinically significant pulmonary disease after receiving EGFR targeting agents; history of human immunodeficiency virus positivity; impaired bone marrow function defined as an absolute neutrophil count (ANC) < 1.5 × 10 9 / L, platelet count <100 × 10 9 /L, or hemoglobin <9 g/dL; impaired renal function defined as creatinine >1.5 × upper limit of normal (ULN) or creatinine clearance <60 mL/min, as calculated using the modified Cockroft-Gault equation; impaired hepatic function defined as aspartate aminotransferase (AST) > 3 × ULN (if liver metastases were present, > 5 × ULN), alanine aminotransferase (ALT) > 3 × ULN (if liver metastases were present, ≥ 5 × ULN), or bilirubin >1.5 × ULN; impaired coagulation defined as prothrombin time (PT) or partial thromboplastin time (PTT) > 1.5 × ULN; received anti-cancer therapy, including antibody, retinoid, or hormonal treatment, within 3 weeks prior to enrollment (prior and concurrent use of hormone replacement therapy, use of gonadotropin-releasing hormone modulators for prostate cancer, and use of somatostatin analogs for neuroendocrine tumors were permitted); received therapeutic radiation treatment within 4 weeks or palliative radiation treatment within 2 weeks before enrollment, as long as radiation toxicities had resolved to National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events (CTCAE) Grade ≤ 1 or baseline values; received major surgery within 4 weeks before treatment; received an investigational drug within 3 weeks before enrollment; or were pregnant or breastfeeding.
Study design
This was a first-in-human, Phase 1, multicenter, open-label, non-randomized study consisting of two parts, dose escalation (Part 1), and dose expansion (Part 2).
The primary objectives of Part 1 were to assess the safety and tolerability of U3-1565 and to determine the MTD or to establish the safety and tolerability of the MAD. Key secondary objectives of Part 1 included assessment of the PK and preliminary efficacy signals of U3-1565. Exploratory PD biomarkers were also evaluated.
Part 1 (dose escalation) followed a modified 3 + 3 design and included five dose level cohorts. Dose escalation began with a dose of 2 mg/kg (Cohort 1) and continued with doses of 8, 16, and 24 mg/kg (Cohorts 2-4). A maximum of 2 new subjects received their first dose of U3-1565 per 24 h period during dose escalation. In Cohorts 1-4, the second dose was administered 3 weeks after the first dose, with subsequent doses administered every 2 weeks. The doses used in Cohorts 1-4 of Part 1 of this study (ie, 2, 8, 16, and 24 mg/ kg given every 2 weeks) were respectively 200, 50, 24, and 16 times lower than the no observed adverse effect level found in rats and monkeys. Based on modeling and simulation studies and allometric scaling, 4 mg/kg was predicted to be the minimally active dose in humans, while 10 mg/kg was identified as the pharmacologically active dose, defined as the dose necessary to achieve the target concentration in humans (corresponding to the 90% effective dose [ED 90 ] observed in severe combined immunodeficiency mice bearing EFO27-CL58 xenograft tumors) (unpublished data). In Cohort 5, a dose of 24 mg/kg was administered each week. In each cohort, a 21-day observation period followed the first infusion. At the end of this period, all relevant safety data were reviewed for prespecified dose limiting toxicities (DLTs).
Dose escalation decisions were made by the Investigators and Sponsor, including the Medical Monitor, based on safety and other parameters obtained from subjects who had completed the 21-day observation period. MTD was defined as the highest dose that resulted in a DLT in less than one-third of the subjects enrolled in a cohort. A minimum of 6 subjects was required to define the MTD.
DLTs were defined as any AE, except those clearly related to the disease, that occurred during Cycle 1 (Days 1 through 21) and was classified as Grade 3 or higher according to the NCI CTCAE, Version 4.0, with specific requirements for the following toxicities: Febrile neutropenia with ANC < 1000/ mm 3 and a single finding of temperature ≥ 38.3°C or a temperature ≥ 38°C persisting for 1 h or more; Grade 4 AST/ ALT; AST/ALT >5 × ULN if accompanied by ≥ Grade 2 elevation in bilirubin, or lasting >3 days in subjects without liver metastases, or lasting >3 days if the baseline value was ≤3 × ULN in subjects with liver metastases; AST/ALT >8 × ULN lasting >3 days if the baseline value was >3 × ULN but <5 × ULN in subjects with liver metastases. However, Grade 3 fatigue lasting <3 days, Grade 3 nausea, vomiting or diarrhea that had resolved to Grade 2 within 48 h after standard therapies, or isolated laboratory values not associated with symptoms were not considered DLTs.
The primary objectives of Part 2 were to confirm the safety and tolerability of U3-1565 at MTD or MAD in subjects with advanced solid malignant tumors (with a preference for subjects with advanced ovarian cancer) and to assess changes in tumor size and in PD biomarkers after U3-1565 treatment. Key secondary objectives included evaluation of the PK of U3-1565, formation of human anti-human antibodies (HAHA), and evaluation of tumor response using RECIST.
Part 2 (dose expansion) started upon completion of Part 1, once the MAD safety and tolerability was established. For Part 2, up to 30 subjects with advanced solid malignant tumors were to be enrolled. Since MTD was not reached in dose escalation, subjects in Part 2 were treated at the MAD of 24 mg/kg U3-1565 every week. This number of subjects allowed for the demonstration of anti-tumor activity of U3-1565 by showing treatment-induced changes in clinical activity and PD biomarkers. Preliminary safety analyses were conducted after the initial 6 subjects completed the first 21 days of treatment and again after the subjects either completed the first 42 days of treatment or were withdrawn from the study.
For all subjects, U3-1565 was diluted and administered by continuous IV infusion over 60 min. Infusion times could be extended to a maximum of 120 min if needed for tolerability.
Assessments
Safety parameters included DLTs, serious adverse events (SAEs), treatment emergent adverse events (TEAEs), physical examination findings, vital sign measurements, standard clinical laboratory results, and electrocardiogram (ECG) readings. Adverse events were coded using MedDRA (Version 13) and assigned grades (severities) based on NCI CTCAE, Version 4.0. The AE reporting period was from the time of signing the informed consent until 30 days after the last dose of U3-1565.
In both study parts, tumor assessment was performed by physical examination and computed tomography (CT) and/or magnetic resonance imaging (MRI) at screening and Day 1 of Cycle 4 and then every 3 cycles (6 weeks). Spiral CT or MRI with ≤5 mm cuts were used for tumor assessment unless another modality of disease assessment was necessary.
Blood samples for PK analyses were collected during Cycle 1 and Cycle 3 at baseline, end of infusion, 3, 6, 24, 72, and 168 h after infusion. In Part 1, Cohorts 1-4, additional samples were collected at 336 and 504 h after infusion during Cycle 1. U3-1565 concentrations were determined with a validated enzyme-linked immunosorbent assay (ELISA) by Covance Laboratories (Chantilly, VA).
Blood samples for HAHA analysis were collected during Part 1 at baseline, Cycle 1 Day 8, the beginning of Cycles 2, 4, and each cycle thereafter, and the end of treatment. Samples were collected during Part 2 at baseline, Cycle 1 Day 8, the start of Cycle 3 and of each cycle thereafter, and the end of treatment. Samples were analyzed using a validated electrochemiluminescent assay (ECLIA) by Intertek Pharmaceutical Services (San Diego, CA).
Blood samples for analysis of PD biomarkers were collected for all subjects at baseline, 24 h, Day 8, and Day 15 following the first infusion, then on Day 1 of Cycles 2 and 4, and on Day 1 every 3 cycles afterwards. All biomarkers were assayed by Medpace Inc. (Cincinnati, OH) using validated assays, using the CA125 assay kit by Roche (Basel, Switzerland); the Caspase-Glo 3/7 assay kit by Promega (Madison, WI); the human HB-EGF ELISA kit by RayBiotech (Norcross, GA); the VEGF-A ELISA kit by BioVendor (Brno, Czech Republic); and the VEGF-R2 ELISA kit by R&D Systems (Minneapolis, MN).
Statistics
The safety analysis set included all subjects who received any amount of study medication and had at least 1 safety assessment. The DLT-evaluable analysis set included all subjects in Part 1 who received at least 1 dose of U3-1565 and had an opportunity to be followed up for 3 weeks (21 days) or received 1 dose of U3-1565 and had a DLT within the first 3 weeks (21 days) on study. The PK analysis set included all subjects who received at least 1 dose of U3-1565 and had at least 1 evaluable PK assay sample.
Plasma concentration-time data were analyzed using noncompartmental methods in Phoenix WinNonlin (Version 6.2.1, Pharsight Corp., St. Louis, MO). Concentration values below the lower limit of quantification were set to zero. PK parameters calculated for U3-1565 included maximum (peak) observed concentration in plasma (C max ), time of maximum observed concentration (T max ), the area under the concentration versus-time curve (AUC) from time 0 to the last measured concentration (AUC last ), as calculated by the linear trapezoidal method, and terminal half-life. Dose proportionality was assessed graphically with trend lines derived from linear regression, and by using a power model [20] using R (Version 3.4.4, R Foundation, Vienna, Austria).
Data availability The data discussed in this manuscript are proprietary and has not been made available publically.
Results
Demographics and baseline characteristics
A total of 36 subjects were enrolled and treated with U3-1565 at one of 4 clinical sites in the United States. Fifteen subjects were enrolled in the dose escalation part (Part 1) and 21 in the dose expansion part (Part 2) of the study. Table 1 summarizes the demographics and baseline characteristics of all subjects enrolled in this study. Four of 36 (11%) subjects completed the 12 cycles of treatment comprising the main phase of the study and entered the extension phase. The reasons for discontinuation from the main phase of the study were: Radiographic evidence of progressive disease (25/ 
Dose escalation, DLTs, MTD/MAD and dose expansion
Fifteen subjects (3 per Cohort) received at least one dose of U3-1565 in Part 1 (dose escalation). All subjects tolerated the U3-1565 infusion well. No DLTs were observed in any subject in any of the dose escalation cohorts, and therefore MTD was not reached. The highest dose of U3-1565 tested, 24 mg/kg per week, was determined to be the MAD. None of the 21 subjects enrolled and treated in Part 2 (dose expansion) experienced any adverse events that met the definition of DLT. 
Safety profile
In total, 35 (97%) subjects reported a TEAE, with 17 (47%) subjects experiencing a TEAE attributed to the study drug. Among the 24 subjects across both parts treated at the MAD (24 mg/kg per week), 23 (96%) subjects experienced at least one TEAE, with 12 (50%) subjects experiencing TEAEs attributed to the study drug. No dose dependent increase in TEAEs was observed. The most common TEAEs (experienced by ≥10% of total subjects, irrespective of causality) are shown in Table 2 . All drug-related TEAEs were Grade 1 or Grade 2 in intensity. Drug-related TEAEs reported by ≥10% of the subjects included fatigue (7 [19%] ) and rash (4 [11%]). No clinically significant abnormal ECG results were observed at baseline or post-treatment in either part of the study. Three subjects (8%) were discontinued from the study due to TEAEs. One subject in Part 1 (16 mg/kg dose cohort) was discontinued due to an SAE (small intestinal obstruction), which was determined to be unrelated to the study drug. Two subjects in Part 2 were discontinued due to TEAEs, one due to Grade 2 vomiting, Grade 1 nausea, and Grade 1 fatigue; and one due to Grade 2 fatigue. These TEAEs were deemed due to clinical disease progression and not related to the study drug. Two (8%) subjects experienced a TEAE leading to death within 30 days after the last administration of study drug. None of these deaths were considered to be related to the study drug. Table 3 , and those obtained from Cycles 1 and 3 of Part 2 (dose expansion) are provided in Table 4 . Accumulation of U3-1565 was evident in Part 2 following administration of the 24 mg/kg/week dose with C max and AUC more than doubling. U3-1565 showed biexponential disposition with C max and AUC increasing approximately proportionally with the dose between 2 and 24 mg/kg administered every two weeks (Cycle 1 of Cohorts 1-4). Dose proportionality was examined graphically (Fig. 1c, d ) and by applying a power model. Based on the goodness of fit statistic R 2 , there was a positive correlation between the exposure parameters C max and AUC last with dose (R 2 = 0.88 and 0.75, respectively). Applying the power model, the slope of the regression line (β1) through C max and AUC last versus dose (on a natural log scale) ranged from 0.88 (C max , 90% CI: 0.77-1.00; p < 0.0001) to 0.98 (AUC last , 90% CI: 0.70-1.26; p < 0.0001).
Overall, a positive HAHA response was observed in 6 (17%) of 36 subjects. This is higher than the 5% false positive rate expected based on the cut point established using 50 lots of control serum without the addition of study drug. However, a robust HAHA response was not observed. Serum U3-1565 exposure was maintained throughout Cycle 3 in subjects that tested positive for HAHA, indicating that HAHA response did not have an impact on U3-1565 half-life. No subject developed signs or symptoms of an infusion reaction.
Assessment of therapeutic effects
Following exposure to U3-1565, clinical benefit was observed in 7/36 (19%) subjects -1 with partial response (PR) and 6 with stable disease (SD) -remaining on study for at least 3 Cycles (7 weeks for Part 1, Cohorts 1-4; 6 weeks for Part 1, Cohort 5, & Part 2) without evidence of progressive disease. Table 5 summarizes data from these subjects. Four subjects (1 PR and 3 SD) completed the main phase of the study and entered the extension phase. Three subjects with SD were discontinued from the main phase due to clinical disease progression.
The type and duration of responses in all subjects on the study are shown in Fig. 2 . Of the subjects enrolled in Part 1, 1/ 3 in Cohort 5 (24 mg/kg/week) achieved a best overall #PK parameters are based on time points collected over 1 week. *Halflife was only evaluable for 15 subjects in Cycle 1, and for 10 subjects in Cycle 3. Mean (standard deviation) is reported above. For t max , median (min, max) is reported. n = number of subjects Table 5 Summary of subjects with an overall response of stable disease or better Tumor response was determined by percent change from baseline in the sum of longest diameters of the target lesions. High baseline VEGF-A levels were defined as >1500 pg/mL. # Indicates the three notable subjects of interest (Subjects 1, 2, and 3) with high baseline VEGF-A and clinical benefit discussed further in the text. *Tumor size was not assessable by RECIST for this subject. Biw = every two weeks; qw = every week response of PR. Additionally, 2/3 subjects in Cohort 2 (8 mg/ kg every 2 weeks) and 1/3 in Cohort 4 (24 mg/kg every 2 weeks) achieved a best overall response of SD. Of the subjects enrolled in Part 2 (24 mg/kg every week), 3/21 achieved a best overall response of SD. Three notable subjects, described briefly below, experienced clinical benefit following treatment with U3-1565, entered the study extension phase, and displayed substantial reductions in VEGF-A levels. Subject 1: A 76 year old female with metastatic colorectal cancer treated with U3-1565 at 24 mg/kg/week (Part 1, Cohort 5) achieved PR (−37.5% tumor size reduction during the study main phase). Fig. 3 shows the tumor response in this subject and accompanying reduction in circulating VEGF-A levels. Subject 2: A 77 year old female with non-small cell lung cancer treated with U3-1565 at 24 mg/kg every 2 weeks (Part 1, Cohort 4) achieved SD (−3.4% tumor size reduction). Subject 3: A 76 year old female with ovarian cancer treated with U3-1565 at 24 mg/kg/week (Part 2) achieved SD, as indicated by a sustained reduction of circulating CA125 (Fig. 4) (tumor size was not assessable by RECIST). Interestingly, these 3 subjects also showed a decrease in circulating VEGF-A upon treatment with U3-1565 (Figs. 3, 4 , 5e-f, and Table 5 ). Nine subjects are not included in the waterfall plot for the following reasons: Discontinuation from the study before tumor size assessment occurred (7 subjects, 5 due to clinical disease progression, 1 due to an SAE, and 1 due to loss to follow up), and unavailability of tumor size data (2 subjects) (Fig. 5a , c) and were consistent with those previously reported in cancer subjects [21] . Overall, no consistent trend in VEGF-A levels were observed following U3-1565 treatment at any dose level, in either Part 1 (Fig. 5a,  b) or Part 2 (Fig. 5c, d ). High (> 1500 pg/mL) baseline levels of VEGF-Awere observed in 6/36 (17%) subjects, 2 in Part 1, and 4 in Part 2 (Fig. 5e, f) . All 6 subjects with high baseline VEGF-A levels showed a decrease (median − 60% [range − 22% to −97%]) in VEGF-A following treatment with U3-1565. Of the subjects with low (< 1500 pg/ml) baseline VEGF-A levels, 19/30 showed a decrease in VEGF-A (median − 18% [−2% to −82%]), while 11/30 showed an increase in VEGF-A. Subjects with high baseline VEGF-A levels remained on treatment longer, with 3/6 (50%) entering the extension phase compared to 1/30 (3%) subjects with low baseline VEGF-A levels. Finally, subjects with high baseline VEGF-A levels were more likely to show disease control, with 3/6 (50%) achieving either PR or SD compared to 4/30 (13%) subjects with low baseline VEGF-A levels, who achieved SD.
The 3 notable subjects (Subjects, 1, 2, and 3 briefly described above) who showed clinical activity and entered the study extension phase were among the 6 subjects with high baseline VEGF-A levels (Fig. 5e, f and Table 5 ). The other 3 subjects with high baseline VEGF-A levels included 2 with colorectal cancer, and 1 with ovarian cancer, all enrolled in Part 2 (Fig. 5e, f) .
No significant changes were observed in circulating levels of HB-EGF, caspase 3/7 or VEGF-R2 in any subject.
Discussion
This first-in-human Phase 1 study examined the safety, tolerability, PK, PD biomarker response, and clinical efficacy of intravenous infusions of U3-1565 in subjects with advanced solid tumors.
Overall, U3-1565 was safe and well tolerated and no major safety issues were identified. No DLTs were observed up to the maximum administered dose and thus the MTD could not be established. Adverse events were dose independent and mild or moderate (Grades 1 or 2) in severity. No hypersensitivity reactions were observed and U3-1565 was not immunogenic. The safety and tolerability of U3-1565 stand in contrast to those observed in the first-inhuman Phase 1 study of KHK2866, another fully human anti-HB-EGF antibody. The KHK2866 study was stopped early due to neurotoxicity events including complex partial seizures, aphasia, and confusion [22] . The reasons for the difference in safety between these two antibodies remain to be elucidated. Hypersensitivity reactions were observed following the first dose of KHK2866, which could be mitigated with prophylactic medication regimens. Both U3-1565 and KHK2866 bind to soluble and membrane bound HB-EGF [23, 24] . It is not known if the two antibodies bind to the same epitope.
The PK profile of U3-1565 was similar to those observed with other IgG2 antibodies. Mean serum U3-1565 half-life in Cohorts 1-5 in Cycle 1 ranged from 109 to 404 h, for the first 1-3 weeks following dosing, which is generally consistent with other monoclonal antibodies in humans. Doses above 16 mg/kg appeared to be associated with drug accumulation. There was no indication of saturable or target-mediated clearance in this study, which was seen in preclinical studies (unpublished data). This may be due to the high relative starting dose of 2 mg/kg compared to some other studies with monoclonal antibodies. Following administration of 24 mg/kg per week dose, mean serum U3-1565 concentrations were maintained above 289 μg/mL, the U3-1565 concentration necessary to inhibit xenograft growth by 90% in mice (unpublished data). Five of 7 subjects who derived clinical benefit (PR and SD) received 24 mg/kg of U3-1565.
Both in vitro cell line studies and in vivo studies using mouse xenograft models have demonstrated that HB-EGF functions as a potent inducer of tumor growth and angiogenesis [25] . HB-EGF binds to EGF receptors inducing downstream activation of the MAPK and PI3K signaling pathways, which result in VEGF-A production, driving angiogenesis [17, 18] . Efficacy and PD results from the present study are in line with these observations. U3-1565 demonstrated both proof of mechanism and clinical activity across different tumor types including colorectal, non-small cell lung, and ovarian cancer. Plausibly, there appeared to be a connection between clinical benefit from U3-1565 and reduction in VEGF-A. Subjects with high baseline VEGF-A levels appeared more likely to show disease control, complete the main phase of the study and enter the extension phase, and experience a reduction in VEGF-A levels in response to U3-1565. Three of the 4 subjects who entered the extension phase (2 SD and the PR) also experienced reductions in VEGF-A. Follow up studies will be needed to determine whether baseline VEGF-A levels may be a useful biomarker to select patients more likely to derive benefit from HB-EGF blockade.
In conclusion, the present first-in-human study shows that U3-1565 has a favorable safety profile with low potential for immunogenicity and displays preliminary evidence of clinical efficacy across different tumor types. Results from this study support continued exploration of HB-EGF as a potential clinical target.
